Apolipoprotein E4 (apoE4), the most prevalent genetic risk factor for Alzheimer's disease (AD), is less lipidated than its corresponding AD-benign form, apoE3, and it has been suggested that the pathological effects of apoE4 are mediated by lipid-related mechanisms. ATP-binding cassette transporters A1 and G1 (ABCA1 and ABCG1, respectively) are the most important apoE-lipidating proteins. The expression of these proteins, as well as that of apoE, is controlled by the transcription regulation retinoid X receptor (RXR)-liver X receptor (LXR) system. In the present study, we investigated the effects of the RXR agonist bexarotene on mRNA and protein levels of apoE, ABCA1, and ABCG1 in young, naive apoE3-and apoE4-targeted replacement mice and assessed the extent to which this reverses the apoE4-driven pathological phenotype. This investigation reveled that bexarotene increases the mRNA and protein levels of ABCA1 and ABCG1 in hippocampal neurons, but has no effect on the corresponding levels of apoE. These findings were associated with reversal of the lipidation deficiency of apoE4 and of the cognitive impairments of apoE4 mice in several tests. Furthermore, bexarotene reversed the apoE4-driven accumulation of A␤42 and hyperphosphorylated tau in hippocampal neurons, as well as the apoE4-induced reduction in the levels of the presynaptic marker vesicular glutamatergic transporter 1 (VGluT1). In conclusion, the results show that treatment of apoE4 mice with the RXR agonist bexarotene reverses the apoE4-induced cognitive and neuronal impairments in vivo and suggest that this is due to reversal of the lipidation deficiency of apoE4. This puts forward the possibility that RXR activation and increased levels of ABCA1 and ABCG1 could be useful in the treatment of human apoE4 carriers.
Introduction
Genetic studies of Alzheimer's disease (AD) revealed allelic segregation of the apoE gene to sporadic AD and to families with a higher risk of late-onset AD (Corder et al., 1993; Roses, 1996) . There are three major alleles of apoE, termed E2 (apoE2), apoE3, and apoE4, of which apoE4 is the AD risk factor.
It had been suggested that the pathological effects of apoE4 are mediated by lipid-related mechanisms (Puglielli et al., 2003; Vance and Hayashi, 2010) . Accordingly, studies performed in humans suggest that apoE4 is significantly less lipidated than apoE3 (Hanson et al., 2013) . Corresponding studies with transgenic mice expressing human apoE show that less apoE4 is associated with lipoproteins compared with apoE3 (Youmans et al., 2012; Tai et al., 2013) . Furthermore, apoE4 is markedly less potent than apoE3 in promoting the efflux of cholesterol and phospholipids from both astrocytes and neurons in culture (Michikawa et al., 2000; Riddell et al., 2008; Minagawa et al., 2009) .
The ATP-binding cassette transporters A1 and G1 (ABCA1 and ABCG1, respectively) are important apoE-lipidating proteins (Hirsch-Reinshagen et al., 2004; Wahrle et al., 2004) . ABCA1 preferentially stimulates the efflux of cholesterol and its binding to lipid-free acceptors, such as lipid-free apoE, whereas ABCG1 is more selective for partially lipidated lipoprotein complexes (Karten et al., 2006; Kim et al., 2008) . The retinoid X receptor (RXR) system regulates the expression of ABCA1 and ABCG1, as well as that of apoE, by forming heterodimers with the liver X receptor (LXR), which then binds to distinct promoter sequences, thereby activating gene expression (Chawla et al., 2001; Laffitte et al., 2001; Liang et al., 2004) . It has been shown recently that treatment of APP/PS1-transgenic mice with the RXR agonist bexarotene stimulates the synthesis of mouse ABCA1, ABCG1, and apoE and that this leads to the clearance of brain A␤ and reversal of cognitive deficits .
Application of such an approach to mice that express human apoE4 could potentially be double edged. Bexarotene induces an increase in ABCA1 and ABCG1 levels, which is expected to increase the lipidation of apoE4 and thus to have a beneficial effect, compensating for the decreased lipidation of native apoE4. However, because some of the pathological effects of apoE4 are associated with a gain of toxic function (Levi and Michaelson, 2007; Zepa et al., 2011) , it is also possible that activation of the RXR system will have detrimental effects due to an increase in the levels of the apoE4 protein.
In the present study, we investigated the effects of bexarotene treatment on the levels of apoE, ABCA1, and ABCG1 in young, naive apoE3-and apoE4-targeted replacement (TR) mice and assessed the extent to which this is associated with reversal or exacerbation of the apoE4-driven pathological phenotype. This includes lipidation and synaptic impairments, as well as accumulation of A␤42 and hyperphosphorylated tau in hippocampal neurons of young apoE4 mice and their behavioral impairments Salomon-Zimri et al., 2014) .
Materials and Methods

Mice
ApoE-TR mice, in which the endogenous mouse apoE was replaced by either human apoE3 or apoE4, were created by gene targeting as described previously (Sullivan et al., 1997) . The mice used were purchased from Taconic. Mice were back-crossed to wild-type C57BL/6J mice (2BL/ 610; Harlan Laboratories) for 10 generations and were homozygous for the apoE3 (3/3) or apoE4 (4/4) alleles. These mice are referred to herein as apoE3 and apoE4 mice, respectively. The apoE genotype of the mice was confirmed by PCR analysis, as described previously (Levi et al., 2003; Belinson and Michaelson, 2009) . All experiments were performed on age-matched male animals (4 months of age) and were approved by the Tel Aviv University Animal Care Committee. Every effort was made to reduce animal stress and to minimize animal usage. The source of bexarotene used was the commercial formulation Targretin from Eisai (100 mg/kg, which translates to 2.5 mg dissolved in 200 l of double distilled water (DDW) per mouse weighing 25 g), which has better solubility and tissue accessibility than bexarotene powder. Bexarotene or DDW (control) were administered to 4-month-old apoE3 and apoE4 mice by oral gavage daily for 10 d. After treatment, the mice were anesthetized with ketamine and xylazine and perfused transcardially with PBS. Their brains were then removed and halved and each hemisphere was further processed for either biochemical or histological analysis, as outlined in the succeeding paragraph. Each of the four groups (apoE3 or apoE4 ϫ control or bexarotene) consisted of five to seven mice and the experiment was performed on two different cohorts of mice.
Immunohistochemistry and immunofluorescence confocal microscopy
One brain hemisphere was fixed overnight with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and then placed in 30% sucrose for 48 h. Frozen coronal sections (30 m) were then cut on a sliding microtome, collected serially, placed in 200 l of cryoprotectant (containing glycerin, ethylene glycol, and 0.1 M sodium-phosphate buffer, pH 7.4), and stored at Ϫ20°C until use. The free-floating sections were immunostained with the following primary antibodies (Abs): rabbit anti-A␤42 (1:500; Millipore); mouse anti-202/205 phosphorylated tau (AT8, 1:200; Innogenetics); mouse anti-212/214 phosphorylated tau (AT100, 1:500; Innogenetics); mouse antiThr181 phosphorylated tau (AT270, 1:500; Innogenetics); guinea pig antivesicular glutamatergic transporter 1 (VGluT1, 1:2000; Millipore).
Immunohistochemistry was performed as described previously (Belinson et al., 2008) . Sections were washed with 10 mM PBS, pH 7.4, and blocked for 1 h in 20% serum diluted in PBS with 0.1% Triton X-100 (PBST), after which the primary Ab, diluted in PBST containing 2% of the appropriate serum, was applied overnight at 4°C. The sections were then rinsed in PBST and incubated for 1 h at room temperature with the corresponding secondary Ab (Vector Laboratories) diluted 1:1000 in PBST containing 2% of the appropriate serum. After several additional rinses in PBST, the sections were incubated for 0.5 h in avidin-biotinhorseradish peroxidase complex (ABC Elite; Vector Laboratories) in PBST. After rinses in PBST, sections were placed for up to 10 min in diaminobenzidine chromagen solution (Vector Laboratories). To minimize variability, sections from all animals of the same cohort were stained simultaneously. The reaction was monitored visually and stopped by rinses in PBS. The sections were mounted on a dry-gelatincoated slide and then dehydrated and sealed with coverslips. A␤ staining was performed similarly except that the sections were preincubated with 70% formic acid for 7 min to increase antigen retrieval before staining. The immunostained sections were viewed using a Zeiss Axioskop light microscope interfaced with a Kodak Megaplus CCD video camera. Photographs of stained brains were obtained at 10ϫ magnification. Analysis and quantification of the staining (2 hippocampal sections per animal at bregma Ϫ1.7 to Ϫ2.06) were performed using the Image-Pro plus system for image analysis (version 5.1; Media Cybernetics). The images were analyzed by marking the area of interest (e.g., a hippocampal CA3 subfield) and setting a threshold for all sections subjected to the same staining. The stained area above the threshold relative to the total area was then determined for each section. All of the groups were stained together and the results presented correspond to the mean Ϯ SEM of the percent area stained normalized relative to the young control apoE3 mice.
Immunofluorescence staining was performed using fluorescent chromogens. Accordingly, sections were first blocked (incubation with 20% normal goat serum in PBST for 1 h at room temperature) and then reacted for 48 h at 4°C with the primary Abs (dissolved in 2% normal goat serum in PBST). Next, the bound primary Abs were visualized by incubating the sections for 1 h at room temperature with Alexa Fluor 488-conjugated goat anti-guinea pig (1:1000; Invitrogen). The sections were then mounted on dry-gelatin-coated slides. Sections stained for immunofluorescence were visualized using a confocal scanning laser microscope (LSM 510; Zeiss). Images (1024 ϫ 1024 pixels, 12 bit) were acquired by averaging eight scans. Control experiments revealed no staining in sections lacking the first Ab. The intensities of immunofluorescence staining were calculated using the Image-Pro Plus system (version 5.1; Media Cybernetics) as described previously (Belinson et al., 2008) . All images for each immunostaining were obtained under identical conditions and their quantitative analyses were performed with no further handling. Moderate adjustments for contrast and brightness were performed similarly on all the presented images of the different mouse groups. The images were analyzed by setting a threshold for all sections of a specific labeling. The area of staining over the threshold relative to the total area of interest was determined and averaged for each mouse and each group.
A␤42 ELISA measurements
The levels of mouse A␤ X-42 (A␤42) were determined using the Beta Amyloid X-42 ELISA kit from Covance (catalog #SIG-38952). Whole hippocampi were homogenized in 180 l of Tris-buffered saline (TBS; 20 mM Tris, pH 7.4, containing 150 mM NaCl) with protease inhibitor (Roche). Triton X-100 was then added to a final concentration of 1% (TBSX) and the samples were agitated by pipetting up and down. The homogenates were than ultracentrifuged (350,000 ϫ g for 20 min) and the supernatant subjected to ELISA according to the manufacturer's specifications.
Immunoblot analysis
Immunoblot analysis was performed as described previously (Haas et al., 2012; Kariv-Inbal et al., 2012) . In brief, the hippocampus was rapidly removed from one freshly excised hemisphere and stored frozen at Ϫ70°C until use. The dissected hippocampus was then homogenized in 200 l of the following buffer: 10 mM HEPES, pH 7, containing 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, protease inhibitor mixture (P8340; Sigma), and phosphatase inhibitor mixture (P5726; Sigma). The homogenates were then aliquoted and stored at Ϫ70°C. For SDSelectrophoresis, the samples were boiled for 10 min with 0.5% SDS and immunoblotted as described previously (Belinson et al., 2008; Haas et al., 2012) . The following Abs were used: mouse anti-VGluT1 (1:1000; Millipore); goat anti-apoE (1:10,000, Millipore); rabbit anti-ABCA1 (1:500; Novus); rabbit anti-ABCG1 (1:2000; Novus); and mouse anti-GAPDH (1:1000; Abcam). Protein concentration was determined using the BCA protein assay kit (23225; Pierce). The immunoblot bands were visualized using the ECL chemiluminescent substrate (Pierce), after which their intensity was quantified using EZQuantGel software (EZQuant). GAPDH levels were used as gel-loading controls and the results are presented relative to the control apoE3 mice.
Nondenaturing (native) immunoblot analysis
Freshly excised hippocampai from control and bexarotene-treated apoE4 mice and their corresponding apoE3 mice were gently pressed through a 40 m cell strainer using a plunger from a 1 ml syringe (Evans et al., 2014) . The extract was briefly centrifuged to dispose of crude debris and then run on a nondenaturing 3-16% gradient gel. The gels were then transferred to a nitrocellulose membrane and stained with goat antiapoE Ab (1:10000; Millipore). The immunoblot bands were visualized using the ECL chemiluminescent substrate (Pierce). Analysis of the apoE content in the tissue extract and the remaining tissue by SDS gel revealed that Ͼ80% of the total apoE was extracted by this procedure.
qRT-PCR analysis
qRT-PCR analysis was performed as described previously (Gilat-Frenkel et al., 2013) . In brief, the hippocampus was rapidly excised from one freshly removed hemisphere and stored frozen at Ϫ70°C until use. RNA was extracted from the tissue using the MasterPure RNA purification kit (Epicenter). RNA was transformed into cDNA using the High Capacity cDNA reverse transcription kit (Applied Biosystems). TaqMan qRT-PCR assays were conducted according to the manufacturer's specifications (Applied Biosystems). Oligonucleotides ( probes) for TaqMan qRT PCR were attached to FAM (6-carboxyfluorescin) at the 5Ј end and a quencher dye at the 3Ј end. ApoE, ABCA1, and ABCG1 gene expression levels were determined using TaqMan qRT-PCR specific primers (Applied Biosystems). Analysis and quantification were conducted using the 7300 system software and compared with the expression of the housekeeping HPRT-1 gene.
Behavioral testing
The behavioral tests were initiated 10 d after the beginning of the bexarotene treatment. The mice were first subjected to the novel object recognition test for 3 d and then, after a 2 d interval, to the Morris water maze for 4 d. The mice were administered either DDW or bexarotene daily throughout this testing period.
Novel object recognition test. This was performed as described previously (Salomon-Zimri et al., 2014) . In brief, the mice were first placed in an arena (60 ϫ 60 cm with 50 cm walls) in the absence of objects, after which two identical objects were added. Either 2 h (short-term memory test) or 24 h (long-term memory test) later, the mice were reintroduced to the arena in which one of the objects was replaced by a novel one. The behavior of the mice was then monitored using the EthoVision XT 9 program for 5 min, and the time and number of visits that the mice paid to each of the objects were measured. The results are presented as the ratio in percentage of the time spent near the novel object relative to the total time spent near both new and old objects.
Morris water maze. The Morris water maze test was performed as described previously (Salomon-Zimri et al., 2014) . Mice were placed in a 140 cm circular pool with the water rendered opaque with milk powder. A 10 cm circular platform submerged 1 cm below the surface of the water was placed at a fixed position. The mice were subjected to 4 trials per day for 4 d such that, for each trial, the mice were placed in 1 of equally spaced locations along the perimeter of the pool. The intertrial interval was 30 min and the location of the platform was unchanged between days. The mice were introduced to the arena from four random locations, the order of which was unchanged between days. The performance of the mice was monitored by measuring the time they took to reach the platform. A probe test was performed after the last trial of the fourth day, in which the hidden platform was removed from the arena and the amount of time the mice spent in the quadrant in which the platform was located and in the other quadrants was measured. Measurements were performed using the computerized video-assisted HVS water maze system (HVS Image).
Statistical analysis
The experimental design consisted of two genotypes (apoE3 and apoE4) and two treatments (control and bexarotene) and the results were analyzed using two-way ANOVA testing with STATISTICA software (version 8.0; StatSoft). Further post hoc Tukey analysis was performed to test for individual effects. Each of the four groups contained five to seven mice and the experiments were performed on two different cohorts of mice. The histological, biochemical, and behavioral results obtained with the two cohorts were similar and they are presented jointly after normalization of each of the experiments relative to the apoE3 control group. Similar results were obtained when the two cohorts were analyzed separately.
Results
Effect of bexarotene on the levels of ABCA1, ABCG1, and apoE The effects of the RXR-agonist bexarotene on the expression levels of ABCA1, ABCG1, and apoE are depicted in Figure 1 . As can be seen, the mRNA levels of ABCA1 and ABCG1 were both similar in control apoE3 and apoE4 mice and were similarly increased in these mice after bexarotene treatment ( p ϭ 0.0001 and p ϭ 0.001 by 2-way ANOVA for the effect of treatment on the mRNA levels of ABCA1 and ABCG1, respectively). In contrast, the apoE mRNA levels, which were similar in the control apoE3 and apoE4 mice, were not affected by bexarotene treatment (Fig.  1A) . Measurements of the corresponding protein levels revealed that the levels of ABCA1 were similar in the apoE3 and apoE4 control mice and were similarly increased by bexarotene ( p ϭ 0.0001 by 2-way ANOVA for the effect of treatment). Measurements of the ABCG1 protein levels also revealed a significant effect of treatment ( p ϭ 0.0001 by 2-way ANOVA), which was accompanied by a small yet significant effect of apoE genotype ( p ϭ 0.002 by 2-way ANOVA). Consistent with previous results , measurements of apoE protein levels revealed that the apoE4 control mice had lower levels of apoE than the corresponding apoE3 mice ( p ϭ 0.0001 by 2-way ANOVA for the effect of genotype). Bexarotene had no significant effect on the apoE levels of either mouse group (Fig. 1B) . The finding that apoE4 mice have lower levels of apoE compared with the apoE3 mice, but that they have similar mRNA levels, suggests that the lower apoE levels in apoE4 mice are due to a posttranslational effect such as increased degradation.
The extent to which the increase in ABCA1 and ABCG1 levels by bexarotene is associated with increased lipidation of apoE was investigated using native gel electrophoresis. As can be seen in Figure 2 , apoE positive reactivity in the native gel is significantly lower in the control apoE4 mice than in the control apoE3 mice. Importantly, the decreased levels of native apoE4 mice compared with native apoE3 mice is markedly more pronounced than the corresponding decrease in total apoE levels between these mouse groups (cf. Figs. 2, 1B) , suggesting that, in the control mice, apoE4 is indeed less lipidated than apoE3. Interestingly, control apoE3 homogenates contain a broader spectrum of apoE species than the apoE4 homogenates. Bexarotene treatment had a marked effect on the lipidation of apoE. Accordingly, in the apoE4 mice, bexarotene increased the level of high-molecularweight apoE species, whereas in the apoE3 mice, this was associated with an increase in the high-molecular-weight species and a concurrent decrease in the low-molecular-weight species. Together, these results suggest that the bexarotene-induced increase in the levels of ABCA1 and ABCG1 results in increased lipidation of apoE.
Reversal of apoE4-driven brain pathology by bexarotene
The extent to which bexarotene can reverse the pathological phenotype of apoE4 in TR mice was first assessed by focusing on the apoE4-driven accumulation of A␤42 and hyperphosphorylated tau in CA3 neurons, which is the hippocampal subfield in which these pathologies were most pronounced (Liraz et al., 2013). As can be seen in Figure 3A , and consistent with previous results , the levels of immunohistochemically determined A␤42 were higher in the control apoE4 mice than in the control apoE3 mice. Bexarotene treatment markedly reduced the levels of A␤42 in both the apoE3-and the apoE4-treated mice ( p ϭ 0.0001 by 2-way ANOVA for the effect of treatment). This effect was more substantial in the apoE4 mice and virtually abolished the difference in the A␤42 levels between the apoE4 and apoE3 mice. Similar results were obtained using an ELISA kit for A␤42 and whole hippocampal homogenates. As shown in Figure  3B , this revealed that the levels of A␤42 were higher in the control apoE4 mice compared with the control apoE3 mice and that this effect was counteracted by treatment with bexarotene ( p ϭ 0.012 by 2-way ANOVA for the effect of treatment ϫ genotype). Further post hoc analysis revealed that the levels of A␤42 were significantly higher in the apoE4 control mice compared with the corresponding apoE3 mice ( p ϭ 0.04) and that the bexaroteneinduced decrease in A␤42 levels was also significant ( p ϭ 0.024).
The ELISA results, which were obtained using TBSX-extracted A␤42, correspond to measurements of intracellular and extracellular A␤42, whereas the immunohistochemical staining mainly detects intracellular A␤42. Accordingly, because both techniques yielded a similar apoE4-driven effect, this suggests that the apoE4-driven effects on A␤42 are primarily intracellular. Together, these results suggest that bexarotene counteracts the apoE4-induced accumulation of A␤42. This effect seems to be specific to A␤42, because the histochemically measured levels A␤40 are not affected by either genotype or treatment (data not shown).
The effects of apoE genotype and bexarotene treatment on tau hyperphosphorylation in CA3 hippocampal neurons are shown in Figure 4 . As can be seen and consistent with previous findings , the levels of tau phosphorylation using the AT8 mAb were higher in the control apoE4 mice than in the corresponding apoE3 mice. Bexarotene treatment induced a marked decrease in the levels of AT8 tau phosphorylation in apoE4-treated mice, but not in the apoE3-treated mice ( p ϭ 0.0002 for the effect of treatment and p ϭ 0.00035 for the effect of genotype ϫ treatment by 2-way ANOVA). Post hoc analysis revealed that the levels of tau phosphorylation were indeed higher in the apoE4 control mice compared with the corresponding apoE3 mice ( p ϭ 0.005) and that the bexarotene-induced decrease in tau phosphorylation in the apoE4 mice was also significant ( p ϭ 0.0002). In contrast to the results obtained with the AT8 mAb, the extent of phosphorylation of tau at the sites recognized by AT100 mAb was not affected by either apoE genotype or treatment (Fig. 4B) . Similar results were obtained using the antiphosphorylated tau mAb AT270 (data not shown).
The effects of bexarotene on the levels of the synaptic marker VGluT1 are depicted in Figure 5 . As can be seen, and consistent with previous findings (Liraz et al., 2013) , the levels of VGluT1 in Figure 1 . The effect of bexarotene on the mRNA and protein levels of apoE, ABCA1, and ABCG1 in hippocampal neurons of apoE3 and apoE4 mice. A, qRT-PCR measurements of the mRNA levels of ABCA1, ABCG1, and apoE mice. The experiments were performed as described in Materials and Methods and the results are normalized relative to control apoE3 mice (mean Ϯ SEM; n ϭ 5 per group). White bars correspond to apoE3 mice, whereas black bars correspond to apoE4 mice. B, Immunoblot assays of the corresponding protein levels of ABCA1, ABCG1, and apoE mice. Whole hippocampi from control and bexarotene apoE3 and apoE4 mice were subjected to immunoblot assays using anti-apoE, anti-ABCG1, and anti-ABCA1 Abs as described in Materials and Methods. The results are normalized relative to control apoE3 mice (mean Ϯ SEM; n ϭ 10 per group). #p ϭ 0.0001 by 2-way ANOVA for the effect of treatment on ABCA1 and ABCG1 protein levels and on ABCA1 mRNA levels and #p ϭ 0.001 for the effect of treatment on the ABCG1 mRNA levels (F ϭ 148.4, F ϭ 48.06 for ABCA1 and ABCG1 protein levels and F ϭ 17.82 and F ϭ 17.02 for ABCA1 and ABCG1 mRNA levels, respectively). #p ϭ 0.0001 (F ϭ 45.79) for the effect of genotype on apoE protein levels by 2-way ANOVA. Figure 2 . The effect of bexarotene on apoE lipidation in the hippocampus of apoE3 and apoE4 mice. Freshly excised hippocampi from control and bexarotene-treated apoE4 and apoE3 mice were subjected to a nondenaturing 3-16% gradient gel and blotted using anti-apoE Ab, as described in Materials and Methods. As can be seen, the levels of apoE reactivity are lower in the control apoE4 mice compared with the control apoE3 mice and bexarotene treatment causes a significant increase in the appearance of high-molecular-weight species of apoE in both apoE4 and apoE3 mice. the apoE4 control mice were lower than those observed in the corresponding apoE3 mice. Treatment with bexarotene increased the levels of VGluT1 in the apoE4 mice. Bexarotene had no effect on the apoE3-treated mice, thus rendering the levels of VGluT1 similar in the treated apoE3-and apoE4 mice ( p ϭ 0.001 for the effect of genotype ϫ treatment by 2-way ANOVA). Further post hoc analysis revealed that the reduced levels of VGluT1 in the apoE4 mice was significant relative to control apoE3 mice ( p ϭ 0.0002), as was the effect of bexarotene treatment on the apoE4 mice ( p ϭ 0.0003). Similar results were obtained by Western blot analysis of VGluT1 levels of the corresponding mouse groups (data not shown).
Bexarotene also counteracted the effect of apoE4 on the levels of A␤42, hyperphosphorylated tau, and VGluT1 in the CA1 and DG hippocampal subfields. These effects, however, were less pronounced than those observed in the CA3 . Specifically, the levels of A␤42, which were higher in control apoE4 compared with the control apoE3 in the CA1 (135 Ϯ 2% of control apoE3 mice) and similar in the DG subfields (101 Ϯ 2% of control apoE3 mice), were both decreased in the apoE4 mice after bexarotene treatment (92 Ϯ 13% of control apoE3 and 79 Ϯ 7% of control apoE3 in the CA1 and DG, respectively). Similar results were obtained with AT8 tau-phosphorylation levels (115 Ϯ 7% and 116 Ϯ 17% for control apoE4 mice relative to control apoE3 in the CA1 and DG, respectively, and 82 Ϯ 9% and 55 Ϯ 9% for bexarotene-treated apoE4 mice in the CA1 the DG). For the VGluT1, the levels of staining were lower for the control apoE4 mice compared with the corresponding apoE3 mice in both the CA1 and DG (87 Ϯ 12% and 79 Ϯ 3%, respectively) and were elevated by bexarotene in both subfields (95 Ϯ 12% in the CA1 and 106 Ϯ 2% in the DG).
Reversal of apoE4-driven behavioral deficits by bexarotene
The extent to which the reversal of the apoE4-induced brain pathological effects by bexarotene is associated with improvement of the cognitive performance of the apoE4 mice was examined next. Results obtained in the Morris water maze are depicted in Figure 6 . As can be seen, all mouse groups performed similarly on the first day of the experiment. However, whereas the control apoE3 mice improved their performance in the swim test and reached a plateau by the second day of the test, the control apoE4 mice were impaired in their performance and took longer to reach the plateau. This apoE4-induced deficit was reversed by bexarotene treatment, which had no effect on the apoE3 mice's performance ( p ϭ 0.047 for the effect of genotype ϫ treatment by repeatedmeasures ANOVA analysis and p ϭ 0.0006 for the corresponding Tukey post hoc comparison of the control and bexarotene-treated apoE4 mice). After the last trial on the fourth day of the Morris water maze, the mice were subjected to a probe test in which the hidden platform was removed from the arena and the mice's preferences for the different quadrants of the arena were assessed. This test revealed that the control apoE3 mice spent more time in the quadrant where the platform was originally located than in the other quadrants, whereas the apoE4 mice showed no preference to any of the quadrants (Fig. 6B) . Treatment with bexarotene resulted in an increase in the time that the apoE4 mice spent in the relevant quadrant and rendered their performance equal to that of the apoE3 mice, the performance of which was not affected by bexarotene. These effects were associated with a significant effect of treatment ( p ϭ 0.028 by 2-way ANOVA).
The mice were next subjected to the novel object recognition test in which their tendency to approach a novel object was measured. Mice were exposed to new and old objects 2 h (short-time interval) and 24 h (long-time interval) after the initial exposure to 2 similar objects. The results are depicted in Figure 7 . As can be seen, at both time points, the control apoE3 mice spent more time near the new object, whereas the control apoE4 mice showed no such preference and visited the new and old object similarly. This difference between the control apoE3 and apoE4 mice was abolished by bexarotene at both time points, such that, under these conditions,both mouse groups approached the new object preferentially. Statistical analysis revealed a significant effect of genotype ϫ treatment at the 24 h time point ( p ϭ 0.034 by 2-way ANOVA analysis). Brains of control and bexarotene-treated apoE4 and apoE3 mice were sectioned and subjected to histological staining with anti-A␤42 Ab. Representative images (10ϫ magnification) of the CA3 hippocampal field stained with anti-A␤42 are presented on the left (scale bar, 200 m) and show that the higher levels of A␤42 in control apoE4 mice relative to the apoE3 mice are reduced in both apoE3 and apoE4 mice. Quantification of the results (mean Ϯ SEM; n ϭ 12-14 per group) of apoE3 mice (white bars) and apoE4 mice (black bars) was performed by computerized image analysis and is shown on the right. The experiment and data analysis were performed as described in Materials and Methods. The results are normalized relative to control apoE3 mice. #p Ͻ 0.001 (F ϭ 41.61) for the effect of treatment by 2-way ANOVA. B, A␤42 ELISA. Whole hippocampi from control and bexarotene-treated apoE4 and their corresponding apoE3 mice were subjected to A␤ X-42 ELISA kit, as described in Materials and Methods. The results (mean Ϯ SEM; n ϭ 5 per group) are normalized relative to control apoE3 mice and show a higher level of total A␤42 in the control apoE4 mice, which is counteracted by the bexarotene treatment. #p Ͻ 0.05 (F ϭ 7.86) for the effect of genotype ϫ treatment by 2-way ANOVA; *p Ͻ 0.05 for the post hoc comparison of control apoE3 and apoE4 and for the effect of bexarotene on apoE4 mice by Tukey post hoc analysis.
Further post hoc analysis revealed that the decreased preference of the control apoE4 mice to the new object relative to that of the control apoE3 mice was indeed significant ( p ϭ 0.0014), as was the effect of bexarotene treatment on the apoE4 mice ( p ϭ 0.001). A similar trend, though not statistically significant, was obtained at the 2 h time point. Control experiments revealed that the mice had no preference to either corner of the arena and that there were no differences in the locomotor activity (velocity or distance traveled) between the groups when placed in an open field arena in the absence of an object.
Discussion
This study investigated the effect of bexarotene on the levels of apoE, ABCA1, and ABCG1 in hippocampal neurons of young apoE3 and apoE4-TR mice and the extent to which it could reverse the apoE4-driven brain pathology and cognitive impairments of the apoE4 mice. The results revealed that bexarotene increases the mRNA and protein levels of both ABCA1 and ABCG1, but does not affect either the mRNA or protein levels of apoE of either mouse group. These biochemical effects were associated with bexarotene-induced reversal of the lipidation deficits of the apoE4 mice and their cognitive impairments in the object recognition and Morris water maze. In addition, bexarotene treatment reversed the apoE4-driven accumulation of A␤42 and hyperphosphorylated tau, as well as the decrease in the levels of the presynaptic marker VGluT1.
The present finding that bexarotene increases in the levels of ABCA1 and ABCG1 is consistent with previous results Tesseur et al., 2013; Veeraraghavalu et al., 2013) . In contrast, bexarotene, which is known to increase the expression of mouse apoE (Price et al., 2013; Veeraraghavalu et al., 2013) , does not affect the levels of human apoE in the TR mice. This is consistent with recent findings obtained with the same mouse groups by Drs. David Holtzman and Jason Ulrich (personal communication) and with corresponding cell cultures by Dr. Gary Landerth (personal communication). Interestingly, studies with a different LXR agonist, T0901317, revealed that the expression of apoE is upregulated in human astrocytoma cells by T0901317 (Liang et al., 2004) , but that it has little to no effect on cells and brains of mouse origin ( . The effect of bexarotene on the levels of hyperphosphorylated tau in CA3 neurons of apoE3 and apoE4 mice. A, Effect of bexarotene on AT8 tau phosphorylation. Brains of control and bexarotene-treated apoE4 and apoE3 mice were sectioned and subjected to histological staining using AT8, a marker for tau phosphorylation (Ser202/Thr205). Representative images (10ϫ magnification) of the CA3 hippocampal subfield are presented on the left (scale bar, 200 m) and show that the increased level of tau phosphorylation in the apoE4 mice compared with the apoE3 mice is abolished by bexarotene. Quantification of the results (mean Ϯ SEM; n ϭ 12-14 per group) of apoE3 mice (white bars) and apoE4 mice (black bars) was performed by computerized image analysis, as described in Materials and Methods, and is shown on the right. The results are normalized to control apoE3 mice. #p Ͻ 0.001 (F ϭ 23.2 and F ϭ 15) for the effect of treatment and of genotype ϫ treatment by 2-way ANOVA; *p Ͻ 0.001 for the post hoc comparison of control apoE3 and apoE4 and for the effect of bexarotene on apoE4 mice by Tukey post hoc analysis. B, Effect of bexarotene on AT100 tau phosphorylation. Experiments were performed and are depicted as described above. As can be seen, the results show no effect for genotype or treatment. Figure 5 . Effect of bexarotene on the levels of the glutamate vesicular transporter VGluT1 in CA3 neurons of apoE3 and apoE4 mice. Brains of control and bexarotene-treated apoE4 mice and their corresponding apoE3 mice were sectioned and subjected to histological staining using anti-VGluT1 Ab. Representative images (20ϫ magnification) of the CA3 hippocampal subfield are presented on the left (scale bar, 80 m) and show that the decreased levels in the control apoE4 mice relative to the apoE3 mice are increased by bexarotene. Quantification of the results (mean Ϯ SEM: n ϭ 12-14 per group) of apoE3 mice (white bars) and apoE4 mice (black bars) was performed by computerized image analysis, as described in Materials and Methods, and is shown on the right. Results are normalized to control apoE3 mice. #p Ͻ 0.001 (F ϭ 41.65, F ϭ 22.58 and F ϭ 12.4) for the effect of genotype, treatment and genotype ϫ treatment by 2-way ANOVA; *p Ͻ 0.001 for the post hoc comparison of control apoE3 and apoE4 and for the effect of bexarotene on apoE4 mice by Tukey post hoc analysis.
has beneficial significance in terms of the ability to differentiate between effects of bexarotene related to lipidation and those related to modulation of the levels of apoE.
Our finding that bexarotene both increases the levels of ABCA1 and ABCG1 and the lipidation of apoE in both apoE3 and apoE4 hippocampal homogenates, as seen by native gels, is consistent with previous findings that bexarotene increases the levels of these proteins and the lipidation of mouse apoE in the brains of APP/PS1 mice . Careful examination of the patterns of native apoE reveals that the apoE4 mice have lower levels of both the high-and the low-molecular-weight species of apoE compared with apoE3 (Fig. 2) . Assuming that the lowmolecular-weight particles are precursors of the high-molecularweight species, this finding is consistent with apoE4-driven impairment in the initiation of the formation of the larger species. Nevertheless, the possibility that apoE4 enhances the degradation of the large and small apoE species cannot be ruled out. The mechanism by which the initial basal lipidation of apoE4 is lower than that of apoE3 may be related to differences in the interaction between apoE3 and apoE4 with the lipidation proteins and/or to the effect of apoE genotype on the compartmentalization and accessibility of apoE3 and apoE4 to the lipidation proteins. The effect of bexarotene on apoE lipidation, which is most likely driven by the increased levels of ABCA1 and ABCG1, results in increased conversion of the lowmolecular-weight species to the highmolecular-weight species in the apoE3 mice. In contrast, in the apoE4 mice, the main effect is an increase in the highmolecular-weight species with no significant effect on the low-molecular-weight apoE particles. Further studies of the lipid and protein composition of the apoE species and the time course of their formation and degradation are required to unravel the effect of apoE genotype on apoE lipidation.
The present findings suggest that the sequence of events generated by the introduction of bexarotene is as follows: in naive mice, apoE4 is hypolipidated relative to apoE3. Bexarotene increases the mRNA levels of ABCA1 and ABCG1, thus leading to an increase in their protein level. ABCA1 and ABCG1 then mediate an increase in the lipidated species of apoE, in particular, a compensatory increase in the lipidation of apoE4. In the following paragraphs, we discuss the functional implications of these effects.
It was shown that, in astrocytic cultures from TR mice, the expression of apoE4 induces a deficiency in the transport of cholesterol relative to that observed in corresponding apoE3-secreting cells (Gong et al., 2002) . Similar results were obtained in neuronal culture studies in which apoE was added exogenously, showing that apoE3 has a greater ability to induce cholesterol efflux than apoE4 (Michikawa et al., 2000; Minagawa et al., 2009) . In view of the importance of cholesterol to membrane homeostasis and to the well-being of synapses, it is tempting to suggest that apoE4-indcued decrease in VGluT1 levels is also related to apoE4-driven specific impairments in lipidation of glutamatergic neurons, which, after bexarotene treatment, is reversed and returns to normal.
The effect of bexarotene on the levels of A␤40 and A␤42 was studied recently using different animal models and the same bexarotene preparation used in the present study. The majority of studies were performed on APP/PS1 transgenic mouse models and show a bexarotene-driven decrease in the levels of soluble A␤40 or A␤42 in the interstitial fluid Ulrich et al., 2013) . A similar bexarotene-induced decrease in A␤ levels was observed in other mouse models, such as APP/human apoE (Fitz et al., 2013) and 5XFAD mice (Veeraraghavalu et al., 2013) , and in in vitro models (Bachmeier et al., 2013) . Our present finding that bexarotene decreases the level of intracellular A␤42 in the hippocampus of TR mice is consistent with these studies. In contrast to the consistency in the literature regarding the effect of bexarotene on the levels of A␤40 and A␤42, the observed effect of bexarotene on the size and number of A␤ plaques in these studies Figure 6 . Effect of bexarotene on the performance of apoE3 and apoE4 mice in the Morris water maze. Control and bexarotene apoE4 mice and their corresponding apoE3 mice were subjected to a Morris water maze test. A, Latency to reach the platform. Latency was tested across 4 daily trials for 4 d, as described in Materials and Methods. The results shown are the average latencies of the 4 daily trials of each group in seconds (n ϭ 12-14 per group). Ⅺ and f correspond to control apoE3 and apoE4 mice, respectively. ⌬ and OE correspond to bexarotene-treated apoE3 and apoE4 mice, respectively. # p Ͻ 0.05 (F ϭ 2.86) for the effect of genotype ϫ treatment by 2-way ANOVA; *p Ͻ 0.05 for the effect of bexarotene on apoE4 mice by Tukey post hoc analysis. B, Probe test. The hidden platform was removed from the arena and the time the mice spent in the quadrant in which the platform was located was measured, as described in Materials and Methods. The results are depicted as the percentage of time spent in the platform's quadrant out of the total trial time (n ϭ 6 -7 per group). White bars correspond to apoE3 mice, whereas black bars correspond to apoE4 mice. #p Ͻ 0.05 (F ϭ 5.47) for the effect of treatment by 2-way ANOVA. Figure 7 . Effect of bexarotene on the performance of the apoE3 and apoE4 mice in the novel object recognition test. Control and bexarotene-treated apoE4 mice and corresponding apoE3 mice were first exposed to two identical objects (training session). This was followed by a delay of either 2 or 24 h, after which the mice were exposed to an old and a new object. The preference of the mice to the different objects was monitored, as described in Materials and Methods. A, Short-term memory test performed 2 h after the training session. B, Long-term memory test performed 24 h after the training session. The results obtained are presented as the percentage of time the mice spent near the novel object out of the total time spent near both old and novel objects. White bars correspond to apoE3 mice, whereas black bars correspond to apoE4 mice (n ϭ 6 -8 per group). #p Ͻ 0.05 (F ϭ 5.13) for the effect of genotype ϫ treatment by 2-way ANOVA; *p Ͻ 0.05 for the post hoc comparison of control apoE3 and apoE4 and for the effect of bexarotene on apoE4 mice by Tukey post hoc analysis.
remains controversial. Several mechanisms have been suggested regarding the cross interactions between apoE4 and the A␤ life cycle. These include decreased binding efficiency of apoE4 to A␤ compared with apoE3, resulting in diminished apoE4 clearance of A␤ (Tokuda et al., 2000) , increased A␤ production (Ye et al., 2005; He et al., 2007) , and impaired A␤-degrading efficiency . The extent to which these different mechanisms mediate the apoE4-driven accumulation of A␤ in hippocampal neurons and are susceptible to the diminished lipidation of apoE4, and thus to treatment with bexarotene, remains to be determined.
Previous in vitro and cell culture studies suggest that apoE4 or fragments of apoE4 may differentially affect tau hyperphosphorylation by direct interaction with either tau or other cytoskeletal components (Strittmatter et al., 1994; Chang et al., 2005) . In addition, it has been shown that apoE4 can affect tau phosphorylation indirectly via signaling elements such as the Erk pathway (Harris et al., 2004) or glycogen synthase kinase-3␤ (CedazoMínguez et al., 2003) . Further research is required to reveal the extent to which one of these possible mechanisms underlies the effects of apoE4 on tau hyperphosphorylation in TR mice and its reversal by bexarotene treatment.
It is important to note that bexarotene also has peripheral effects. Consistent with previous results (Lalloyer et al., 2009) , measurements of the effects of bexarotene on serum triglycerides levels revealed that bexarotene increases the levels of triglycerides in the serum of both apoE4 and apoE3-TR mice by twofold (data not shown). Although this effect was not associated with significant body weight changes in any of the mouse groups, the possibility that peripheral mechanisms play a role in mediating the bexarotene effect in apoE4 mice cannot be excluded.
In conclusion, our present findings show that treatment of TR mice expressing human apoE4 with the RXR ligand bexarotene results in reversal of both the brain pathologies and cognitive impairments that are driven by apoE4 and that this is due to bexarotene induced compensation for the lipid deficiency of apoE4. These findings suggest that RXR activation and increased levels of ABCA1 and ABCG1 may pave the way for a novel therapeutic approach for the treatment of human apoE4 carriers to counteract the pathological effects of apoE4 leading to AD.
